T he enzyme dimethylarginine dimethylaminohydrolase (DDAH) metabolizes asymmetrically methylated arginine (namely L-N monomethylarginine [L-NMMA] and asymmetrical dimethylarginine [ADMA]) residues to citrulline and methylamine. 1 Considerable interest has been focused on the biology of DDAH after the discovery that asymmetrically methylated arginines (in particular ADMA) are competitive inhibitors of all 3 isoforms of nitric oxide synthase (NOS). 2 The observations that plasma ADMA levels are elevated in a range of cardiovascular disorders, some of which are associated with impaired NO generation, has led to the suggestion that inhibition of NOS activity by endogenously produced ADMA represents a novel mechanism to regulate NO production in vivo. 3, 4 Furthermore, it has been suggested that DDAH activity might be required to maintain ADMA levels below the concentration at which NOS inhibition would occur or might act to fine tune NOS activity by maintaining tonic inhibition of NOS 3,4 ( Figure) .
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Mammals have 2 isoforms of DDAH, DDAH1 and 2, that appear to have similar catalytic activities but distinct tissue distributions with DDAH1 predominating in tissues that express nNOS and DDAH2 predominating in highly vascularized tissues that express eNOS. 5 Consistent with the proposed model of DDAH function, pharmacological inhibition of DDAH in cells in culture results in increased ADMA accumulation in the culture medium and is associated with reduced NO generation, 6 whereas high-level overexpression of DDAH has the opposite effects. 7 Similarly high-level global overexpression of DDAH in mice has been reported to result in lower plasma ADMA concentrations and increased NO generation. 8 Despite these encouraging results in model systems where pharmacological inhibition or heterologous overexpression of DDAH produces relatively large changes in ADMA concentrations which alter NO generation, the situation in man is much less clear. The reported ranges for plasma ADMA concentration in both healthy volunteer and patient samples have been shown to differ between laboratories, 9, 10 and the use of time consuming analytical techniques to measure ADMA has meant that sample sizes for clinical studies have been relatively small. Recently, however, in two separate studies that analyzed plasma ADMA concentration by independent methods in patients with renal failure, both identified plasma ADMA concentration as a strong independent predictor of disease progression. 11, 12 Of particular interest was the finding that a 0.1 mol/L increase in plasma ADMA was associated with a 20% increase in cardiovascular event rate. Is it plausible that such a small increase in ADMA could exert such an effect through inhibition of NO production? The IC 50 of ADMA on NOS is in the order of 10 mol/L depending on the prevailing arginine concentration. Given that arginine concentrations rarely fall below 100 mol/L and ADMA concentrations range between 0.4 and 0.7 mol/L, it seems unlikely that a 0.1 mol/L increase in ADMA would have significant effects on NO generation. Although intracellular levels of ADMA might be very much higher, it is also possible that DDAH and ADMA might exert effects independent of NO. We have recently reported that pathophysiological concentrations of ADMA can regulate gene expression in human endothelial cells by what appears to be an NO-independent mechanism 13 and have found that DDAH overexpression alters VEGF expression. 7 In this issue of Arteriosclerosis, Thrombosis, and Vascular Biology, Hasegawa et al describe the mechanism whereby DDAH2 regulates the expression of VEGF in primary endothelial cells in culture. 14 Surprisingly, the mechanism is not via increased NO production, as had been previously assumed, but by the direct binding of DDAH2 to protein kinase A (PKA) and subsequent phosphorylation of the transcription factor Sp1. On phosphorylation Sp1 is then imported into the nucleus and activates VEGF transcription (Figure) . These findings may be surprising but are not without precedent. In 2001 Tokuo et al demonstrated that DDAH1 could bind to the Ras-pathway regulator neurofibromin 1 (NF1) in vitro. 15 DDAH1 binding to NF1 promoted the phosphorylation of NF1 by PKA at specific residues within the cysteine/ serine rich domain. Interestingly, fibroblasts derived from NF1 Ϫ/Ϫ mice displayed increased DDAH activity suggesting that DDAH1 might be regulated by NF1 binding.
The observations of Hasegawa et al and Tokuo et al suggest a model in which DDAH exerts effects by 2 distinct mechanisms: metabolism of ADMA or regulation of protein function via protein-protein interactions. However, 2 key questions need to be answered before the physiological significance of the findings is clear. First, do these interactions occur in vivo, and if so what is the contribution of DDAH protein binding to the overall regulation of VEGF and NF1 signaling in physiological/pathophysiological situations? The creation and characterization of genetically modified mice that lack or overexpress specific DDAH isoforms will be required to address this issue. Second, are DDAH interactions restricted to PKA/NF1, or are these the first 2 examples of a more widespread phenomenon? A systematic screen for DDAH interacting proteins would be required to reveal the full extent of the ADMA-independent functions of DDAH.
In the light of the current findings it is possible that ADMA levels reflect, in part, differences in the expression level of DDAH proteins and that alterations in DDAH protein levels exert biological effects through protein-protein interactions. A better understanding of the biology of DDAH will be required to understand the relative importance of ADMA metabolism and DDAH protein binding in the regulation of cardiovascular function.
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